We report experimental measurements of ion temperatures and flows in a high power, linear, magnetized, helicon plasma device, the Resonant Antenna Ion Device (RAID). Parallel and perpendicular ion temperatures on the order of 0.6 eV are observed for an rf power of 4 kW, suggesting that higher power helicon sources should attain ion temperatures in excess of 1 eV. The unique RAID antenna design produces broad, uniform plasma density and perpendicular ion temperature radial profiles. Measurements of the azimuthal flow indicate rigid body rotation of the plasma column of a few kHz. When configured with an expanding magnetic field, modest parallel ion flows are observed in the expansion region. The ion flows and temperatures are derived from laser induced fluorescence measurements of the Doppler resolved velocity distribution functions of argon ions. Published by AIP Publishing. [http://dx
I. INTRODUCTION
A number of high power [>10 kW of radiofrequency (rf) power] helicon plasma sources have either recently been constructed or are under development, e.g., the VASIMR experiment and the Proto-MPEX facility. 1 The scientific goals of these experiments range from plasma thruster development to the emulation of tokamak-like divertor plasma conditions for materials testing. While there is an extensive literature on helicon source characteristics [2] [3] [4] [5] [6] [7] [8] [9] at low to moderate rf powers, 100s of Watts to 2 kW, there are only a few measurements of ion temperatures and ion flows at larger rf powers and none at the >100 kW rf powers planned for experiments like Proto-MPEX. A new helicon plasma source constructed at Ecole Polytechnique F ed erale de Lausanne, the Resonant Antenna Ion Device (RAID), has a planned steady-state operating power of 10 kW and is currently operating in the steady-state at 4 kW. While still much lower than 100 kW, the operating range of 1 to 4 kW provides an opportunity to explore a new regime of helicon source operation and infer likely characteristics of even higher power helicon sources.
Previous measurements of ion temperatures in helicon sources operating in magnetic fields of 500-1000 Gauss, e.g., HELIX, CSDX, and MARIA, found typical perpendicular ion temperatures of 0.2-0.5 eV and parallel ion temperatures of 0.1-0.3 eV (Refs. 5, 9, and 10) with the largest perpendicular ion temperatures occurring at the largest magnetic field strengths (B % 1000 G). 11 Perpendicular and parallel ion temperatures in weak magnetic field helicon sources, such as ChiKung (B % 100 G), rarely exceed 0.2 eV. 12 In helicon sources operating near the lower hybrid frequency, i.e., at large magnetic field strengths or low rf antenna frequencies where
ci Þ þ 1=ðx ce x ci Þ, x ce and x ci are the electron and ion cyclotron frequencies, respectively, and x pi is the ion plasma frequency], the perpendicular ion temperature profile is nearly flat across the plasma radius or slightly peaked at the edge (suggesting direct ion heating via damping of the edge-localized slow, "Trivelpiece-Gould" wave). 11, 13 The effect of increased rf power on ion temperature anisotropy in helicon sources is an important open question if helicon sources are to be used to investigate thermal anisotropy driven instabilities at the higher plasma thermal pressures hoped to be achieved by higher power helicon sources. The role of ion temperature anisotropy, the ratio of the perpendicular to parallel ion temperature, in driving mirror and firehose instabilities in space has received renewed interest in space plasma studies.
14 Previous studies in helicon sources indicate that the ion temperature anisotropy increases with increasing magnetic field at moderate rf powers. 15 Strong and weak magnetic field helicon sources typically report peaked radial density profiles, a "blue core," during normal operation. Shown in Fig. 1(a) is a density profile from the HELIX source obtained for a magnetic field of 750 G, an rf power of 300 W, and an argon fill pressure of 6 mTorr. Measurements of the neutral density profile in these systems demonstrate that the sharply peaked plasma density profile is accompanied by a highly depleted, hollow, neutral density profile. The neutral density profiles were measured in krypton plasmas for which absolute measurements of the neutral density profile are possible with non-invasive laser induced fluorescence. 16 In helicon sources, the resultant ion metastable density profile, which is crudely proportional to n 2 ffiffiffiffi ffi T e p (where T e is the electron temperature and n is the plasma density), is even more peaked than the plasma density profile. A typical argon metastable ion density profile is shown in Fig. 1(b) .
The effect of the unique multi-element, high power, RAID birdcage antenna 17 on the argon ion metastable density profile (as a proxy for the plasma density profile) is one of the questions that are addressed by the experiments reported here. Nearly all helicon sources have used m ¼ 0 or m ¼ 1 antennas for plasma generation. Even those experiments using phased rf antennas have attempted to control the phasing of the antenna elements to create a rotating m ¼ 1 antenna current pattern. 18 Along with the sharply peaked density profile, a selfconsistent azimuthal flow develops in typical helicon sources-probably resulting from the radial electric field due to the peaked density profile. 19 Other helicon source groups report the development of large scale sheared E Â B plasma flows, called zonal flows, via the turbulent Reynolds Stress arising from the non-linear interactions of drift waves driven by the strong density gradient. 20 The interactions between drift wave turbulence and zonal flows are crucial in understanding the saturation mechanisms of turbulence in helicon sources. Since linear magnetized devices allow the detailed study of zonal flow and drift wave turbulence due to their simpler geometry and better access to diagnostics, [21] [22] [23] [24] [25] [26] the effect of high rf powers on azimuthal flows in helicon sources is an important, yet to be answered, question.
Laser induced fluorescence (LIF) is a standard spectroscopic diagnostic used in helicon plasma sources to measure the Doppler resolved velocity distribution functions (VDF) of various species such as argon ions, argon neutrals, helium neutrals, krypton neutrals, and xenon ions. [27] [28] [29] The fullwidth-at-half-maximum (FWHM) of the VDF is a measure of the temperature of the distribution. The shift of the peak of the VDF from a standard reference line gives the absolute ion fluid velocity along the laser injection direction. In this paper, we present argon ion LIF measurements of the radial profiles of the azimuthal and axial ion velocities and of the ion temperatures (parallel and perpendicular) of the RAID plasma for a wide range of rf powers. The scaling of ion temperature with rf power suggests that at rf powers greater than 10 kW, ion temperatures greater than 1 eV are expected. Perhaps most surprising is the existence of significant azimuthal flow even though the metastable ion and bulk ion density profiles created by the RAID antenna appear to be nearly flat across the entire plasma radius.
II. EXPERIMENTAL APPARATUS
These experiments were carried out in the Resonant Antenna Ion Device (RAID), a cylindrical magnetized helicon plasma device, dedicated to basic plasma experiments including negative ion production for neutral beam applications for fusion. 17 As shown in Fig. 2(a) , the plasma is contained in a stainless steel vacuum chamber, 1.48 m long with a diameter of 0.4 m. Argon plasmas are produced by a coaxial 13.56 MHz birdcage resonant antenna 30 around the outside of a ceramic tube (10 cm inner diameter) at one end of the vacuum chamber. The birdcage antenna [see inset in Fig.  2(a) ] is designed to efficiently couple the rf power to m ¼ 6 1 helicon waves excited in the plasma. The antenna consists of 9 straight copper rods, 15 cm long, equally spaced in a circular pattern with an internal diameter of 13 cm. There is a single rf power injection coupling. 16 highcurrent, high-Q, non-magnetic capacitors, each with a capacitance of 3.96 nF join the copper rods together. The antenna is currently able to deliver up to 10 kW at the standard industrial plasma processing frequency of 13.56 MHz. Typical plasma densities and electron temperatures, at 4 kW of rf power, are 2.4 Â 10 13 cm À3 and 4 eV, respectively. The plasma density was determined with Langmuir probes and corroborated with a 100 GHz microwave interferometer measurement. Based on the measured shift in the resonant antenna frequency and the measured real impedance of the antenna with and without plasma, the power transfer efficiency from the rf antenna to the plasma is approximately 90%. 31 The plasma generated by the antenna forms a column of approximately constant radius that ends on a target at the other end of the device. To protect the vacuum chamber from overheating, a grounded copper target plate is placed at the end of the chamber and all parts which face the plasma are water cooled. The target has a 10 mm hole to allow axial laser injection. The RAID device is equipped with 6 independently powered magnetic field coils which generate an axial magnetic field on axis of up to 800 G. For these experiments, the first coil, situated in the antenna region, was powered separately to produce a magnetic field in the direction opposite to the other coils, thereby maintaining a low magnetic field strength in the antenna region. Thus, in this configuration, the magnetic field strength in the vacuum chamber is fairly constant except in the antenna region. For the few experiments reported here with a divergent magnetic configuration, the last three coils were disconnected. Typical contours of constant magnetic field strength throughout the device are shown in Figs. 2(b) and 2(c) for the uniform and divergent cases, respectively. All experiments were performed at neutral gas fill pressures of 1.3 mTorr and 2.6 mTorr.
Most of the LIF measurements presented here were obtained via crossed beam injection and collection as shown in Fig. 3 (a). For perpendicular ion velocity distribution function (IVDF) measurements, laser light was injected perpendicular to the background magnetic field using a rectangular glass window on the side of the plasma vacuum chamber, 109 cm downstream from the center of the rf antenna. Fluorescent emission was collected from a port on top of the vacuum chamber at the same axial location. The injection optics were mounted on a manually controlled linear stage to inject the laser light at different radial locations, thereby providing radial profiles of the azimuthal ion velocities, the relative fluorescent emission intensity profile (typically proportional to the square of the plasma density times the 
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Phys. Plasmas 24, 063517 (2017) square root of the electron temperature 19, 32 ), and the perpendicular ion temperature profile. For parallel measurements, the laser light was injected through an aperture in the end plate at the end of the device opposite of the antenna [see Fig. 2(a) ] and the emission collected from the same port used for the perpendicular measurements. A new confocal telescope, which only requires a single port for LIF measurements, was employed for radially resolved measurements of the radial ion flow and for the relative fluorescent emission profile in the horizontal plane [see Fig. 3(b) ]. 33 The laser has a linewidth of <1 MHz and a mode hop free tuning range of $30 GHz. Tuning was critical and a small current feedback loop was used to achieve the maximum possible stable tuning range. To measure the argon IVDF, the laser was scanned around the central absorption line at 668.6138 nm, corresponding to 3d 4 F 7/2 to 4p 4 D 5/2 level transition in Ar II. 34 To prevent stray reflections from damaging the diode laser, high attenuation optical isolators were inserted between the master oscillator and the amplifier and also between the amplifier and the first optical component outside the laser housing. An 8% sampling beam-splitter and lens system was used to direct the sampled light into a fiber optic coupled Bristol Instruments 621-VIS wavemeter for real time wavelength monitoring, with an instrumental accuracy of 6 0.00005 nm. The laser was scanned across 16 GHz with a wavelength resolution of 30 MHz per measurement to measure each IVDF. The other 92% of the laser light was mechanically chopped at a few kHz and transported to the injection optics (or the confocal telescope) by optical fiber for perpendicular IVDF measurements. For parallel IVDF measurements, the laser was directly injected into the vacuum chamber. The fluorescent emission signal at 442.60 nm from the decay of the 4p 4 D 5/2 state to the 4s 4 P 3/2 state was coupled into an optical fiber with a collimator. The light exiting from the fiber was re-collimated into a visible light Hamamatsu PMT. A 1 nm wide notch filter centered at 443 nm prevented background Ar II light from entering the PMT. The intensity of the fluorescent emission due to the excitation by the laser, as a function of the scanned laser frequency, gave a direct measurement of the IVDF in the spatial region where the injected laser beam path overlaps the collection volume. In this experiment, the spatial resolution of the LIF measurements was <2 mm. Since the PMT signal was composed of background spectral radiation, electron-impact-induced fluorescence radiation, and electronic noise, a Stanford Research SR830 lock-in amplifier, synchronized to the mechanical chopper, was used for phase synchronous detection of the LIF signal.
In the presence of a finite magnetic field, the 668.6138 nm Ar II transition line undergoes Zeeman splitting consisting of 12 circularly polarized sigma (r) and 6 linearly polarized pi (p) transitions. 35 In moderate rf power helicon plasmas, the Zeeman effect and the thermal broadening are the only two line broadening mechanisms that impact the IVDF and all other line broadening mechanisms are negligibly small. 36 The Zeeman r lines are split symmetrically into two clusters of lines corresponding to the Dm ¼ 61 components and they are the biggest contributors to the Zeeman broadening of the IVDF. For B ¼ 800 G, after proper weighting by the line intensities, the average extent of the spread of the r lines is $3.6 Â 10 À3 nm, which at 668.6138 nm gives a spectral width of $2.4 GHz. For the same B ¼ 800 G, the p lines have an average spread of $7.8 Â 10 À4 nm, which at 668.6138 nm yields a spectral width of $0.53 GHz. The typical IVDF FWHM, which represents the ion temperature, is $3 GHz for these plasmas. To ensure that only the p absorption lines are excited during perpendicular measurements, the laser is injected perpendicular to the magnetic field with its polarization axis aligned with the magnetic field. Even for the largest magnetic field strength used in this study (B ¼ 800 G), the 
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Zeeman splitting of the several p lines is much smaller than the Doppler broadening and thus is ignorable in the analysis. For the parallel measurements, only the r lines are excited.
To select a single cluster of r lines, the linearly polarized laser light is converted into circularly polarized light with a 1 = 4 -wave plate before injection. The FWHM of the measured IVDF is proportional to the average perpendicular argon ion temperature while the shift of the peak of the VDF gives the absolute ion fluid velocity. A nonlinear least squares fitting routine is used to fit the measured IVDF with a single drifting Maxwellian distribution
where I R () is the intensity of the fluorescence signal at any given frequency , o is the rest frame frequency of the absorption line, m i is the ion mass, c is the speed of light, k B is the Boltzmann constant, and T i is the ion temperature. In a reduced form, Eq. (1) is:
where a D is the Doppler fitting parameter. For a scanning frequency in GHz and the ion temperature in eV, the Doppler fitting parameter for the 668.6138 transition is (a D )
.
III. OBSERVATIONS AND DISCUSSION
In Fig. 4 , we show a typical perpendicular IVDF for B ¼ 133 G measured on axis for an rf power of 1.5 kW and a neutral pressure of 2.6 mTorr. Fitting Eq. (2) to the measurement yields a perpendicular ion temperature of 0.13 eV and a flow less than 25 m/s. The non-zero radial flow measured on axis is one measure of the uncertainty in the flow measurements reported in this work, i.e., unless the parallel ion flows in the system are very large, the radial flow of ions on axis should be zero. Shown in Fig. 5(a) is the perpendicular ion temperature in RAID versus rf power. All the measurements were performed within 0.5 cm of the chamber axis, at the same 800 G magnetic field strength and a pressure of 2.6 mTorr, and with the crossing optics configuration described in Fig. 3(a) . The error bars on each point are determined by the 95% confidence interval from the fit to the IVDF measurement. The shot to shot variability in the measurements is evident in the scatter of temperature values obtained for the same conditions. The perpendicular ion temperature increases from roughly 0.2 eV at 0.5 kW to 0.6 eV at 4 kW. For comparison, the perpendicular ion temperatures reported from other helicon source experiments at powers less than 1 kW are also shown in Fig. 5(a) . A linear fit through just the perpendicular ion temperatures measured in these experiments yields a scaling of T i? eV ½ $ 0:1P rf kW ½ . With such a scaling, helicon sources operating at rf powers > 10 kW should expect perpendicular ion temperatures > 1 eV. The parallel ion temperature over the same rf power range [see Fig. 5(b) ] is essentially constant at 0.5 eV.
The ion thermal anisotropy T ? =T k À Á based on the perpendicular and parallel ion temperature measurements shown in Figs. 5(a) and 5(b) is shown in Fig. 5(c) . The ion thermal anisotropy increases from approximately 0.5 to 1.2 as the rf power increases by a factor of four. Extrapolating to P rf > 10 kW, ion thermal anisotropies greater than 2 appear likely. Under such conditions, the mirror instability 14 should arise and limit growth of the ion thermal anisotropy as was observed in thermally anisotropic experiments at lower rf power and plasma pressure (in those experiments, growth of 
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Thompson et al. Phys. Plasmas 24, 063517 (2017) the Alfv en ion cyclotron instability limited the maximum achievable ion thermal anisotropy). 15 As shown in Fig. 1(b) , a typical helicon source has a sharply peaked metastable ion density profile, a result of the sharply peaked plasma density profile. Using the confocal telescope described earlier, the normalized, relative ion metastable density profile measured in RAID for a magnetic field strength of 800 G, an rf power of 4 kW, and at a neutral pressure of 2.6 mTorr is shown in Fig. 6(a) . Because the injection and collection optics of the confocal telescope move together during the scan, the relative metastable density profile is directly measurable from the integrated IVDF curve and there are no variations in optical alignment that might affect the overall signal levels measured. The spatial resolution of the confocal optics, along the line-of-sight, is a few mm. Also shown in Fig. 6(a) is a fit to the normalized HELIX profile shown in Fig. 1(b) . There is a hint of two different peaks in the metastable density profile, separated by approximately 2.5 cm, but the RAID metastable ion density profile is essentially constant across the entire radial range investigated. These measurements are consistent with profile measurements of the ion density profile in RAID plasmas [ Fig. 6(b) ] and observations of visible light emission. The ion density profile, measured with a scanning Langmuir probe, shows a modest off-axis peak at 0.5 cm and then decays gradually out to 3.5 cm. It is important to note that the metastable density profile depends on both the density profile and the electron temperature profile, and for these conditions, the electron temperature profile follows a similar trend to the ion density profile. To the human eye, instead of the narrow, bright blue core characteristic of helicon plasmas, the entire RAID plasma column glows a bright blue and there is a hint of a second peak in emission at a radial location of 3-4 cm, consistent with the LIF metastable density profile measurements. In certain modes of operation, other helicon sources have also reported flat, or nearly flat, density profiles. 37 The absence of a sharply peaked density profile has significant implications for azimuthal plasma rotation.
The same scan of the confocal telescope injection path also provides a measurement of the azimuthal rotation velocity as a function of radial position in the plasma. Shown in Fig. 7(a) Also shown, in normalized units for comparison, is a fit to the metastable density profile shown in Fig. 1(b) . The RAID metastable profile is essentially constant for all radial locations measured. (b) Ion saturation current profile, effectively the ion density profile, over the same span of radii on both sides of the axis. time resolved measurements of the ion saturation current at different radial locations for the same plasma conditions. The frequencies of the coherent oscillation apparent in the different time series measurements range from 3.70 to 3.85 kHz. These are comparable to, but not equal to, the rigid body rotation frequency measured by LIF. The same measurements were performed over an 80 cm span along the axis of RAID. No change in oscillation frequency was observed. Because the oscillations measured with the Langmuir probe are a sum of the effects of bulk plasma azimuthal fluid velocity (as measured by LIF) and the phase velocity of any waves propagating azimuthally in the plasma frame, it is not surprising that the probe frequencies differ from the LIF measurements. Similar differences in rotation frequency between LIF measurements of ion flow and time delay estimation measurements of plasma rotation frequency have been reported in other helicon devices. 9 In those experiments, the absolute rotation frequencies are comparable to those reported here and the difference was confirmed to result from azimuthally propagating drift waves.
Even though the metastable density profile is relatively flat with radial location, the LIF and probe measurements indicate that there is still a significant bulk plasma azimuthal flow. Therefore, a self-consistent radial electric field must also be present even though the density profile is flat. The finite azimuthal flow suggests that the Kelvin-Helmholtz instabilities observed in lower power helicon sources are still likely to appear in these higher power RAID discharges. 24 The perpendicular ion temperature versus radial location is shown in Fig. 7(c) for the same scan. Consistent with the metastable and ion density profiles, there is little change in the perpendicular ion temperature across the full measurement range of radial locations (only the outermost measurement point has a temperature value that is statistically smaller than the other measurements).
Measurements of ion flow along the magnetic field on the RAID axis as a function of neutral fill pressure, rf power, and magnetic field strength yielded small parallel ion flows directed away from the antenna. These flows are on the order of the thermal velocity. Since the early 2000s, numerous studies of helicon sources flowing into a divergent magnetic field geometry have detected the spontaneous formation of double layers in the "throat" of the divergent region. For the experiments reported here, a divergent magnetic field geometry was created by turning off the last three magnetic field coils in the solenoid. At the measurement location, the magnetic field decreased from 800 G to less than 75 G. For this ionic transition at a magnetic field strength of 800 G, the Zeeman shift is 1.26 GHz/kG, equivalent to 843.8 m/s/kG. 35 Shown in Fig. 8 is the parallel ion flow for the uniform and divergent magnetic field cases for a pressure of 2.6 mTorr and an rf power of 4 kW. Measurements for two different upstream magnetic field strengths are shown: 800 and 533 G. For both the uniform and divergent cases, the parallel ion flow is -400 6 100 m/s away from the antenna. Even at lower neutral fill pressures, the parallel ion flow barely changed when the field was changed from uniform to divergent. Since parallel flows of 5000-10 000 m/s are typically observed downstream of a double layer in the expansion region of a helicon source, 38 parallel ion flows of 400 m/s are not consistent with double layer formation. The parallel ion temperature (also shown in Fig. 8 ) decreases precipitously in the divergent case, from $0.5 eV to $0.1 eV. In the divergent field case, the plasma in the measurement region flows along the field directly to the bounding walls of RAID and the ions are clearly cooler.
IV. SUMMARY
The RAID source operates in a parameter range of much larger rf powers than conventional, table-top, helicon sources but not at the 100s of kW of some helicon sources currently under development. Thus, measurements of ion temperature and ion flow in RAID provide an opportunity to explore likely conditions in the upcoming very high power helicon sources. The perpendicular ion temperature scales linearly with increasing rf power and if the scaling holds at higher rf powers, perpendicular ion temperatures > 1 eV are expected for helicon sources operating at rf powers >10 kW, such as the pulsed MAGPIE source. 39 Since the scaling of the parallel ion temperature is much weaker, such high rf power helicon sources should be able to provide highly thermal anisotropic plasmas for studies of ion cyclotron and perhaps ion mirror instabilities at high plasma thermal pressure in the laboratory (an important topic for future space plasma physics studies in the laboratory).
RAID's novel, birdcage, resonant antenna also generates a nearly uniform "blue" core across the bulk of the plasma column, providing an opportunity to explore the effects of plasma density profiles on the strong azimuthal rotation typical of helicon sources. In RAID, there is significant, rigid-body, azimuthal rotation of the plasma even though the measured ion metastable and plasma density profiles are nearly flat. Recent evidence suggests that a key requirement for double layer formation is the existence of a strong, radially varying, parallel electric field. 40 The much more radially uniform structure of RAID discharges suggests that the plasma density profile will play an important role in determining if double layers will form in expanding, high rf power plasmas.
